Tissue hypoxia plays a key role in establishing an immunosuppressive environment in vivo by, among other effects, increasing the level of extracellular adenosine, which then signals through A2A adenosine receptor (A2AR) to elicit its immunosuppressive effect. Although the important role of the adenosine-A2AR interaction in limiting inflammation has been established, the current study revisited this issue by asking whether hypoxia can also exert its T-cell inhibitory effects even without A2AR. A similar degree of hypoxia-triggered inhibition was observed in wild-type and A2AR-deficient T cells both in vitro and, after exposure of mice to a hypoxic atmosphere, in vivo. This A2AR-independent hypoxic T-cell suppression was qualitatively and mechanistically different from immunosuppression by A2AR stimulation. The A2AR-independent hypoxic immunosuppression strongly reduced T-cell proliferation, while IFN-γ-producing activity was more susceptible to the A2AR-dependent inhibition. In contrast to the sustained functional impairment after A2AR-mediated T-cell inhibition, the A2AR-independent inhibition under hypoxia was short lived, as evidenced by the quick recovery of IFN-γ-producing activity upon re-stimulation. These data support the view that T-cell inhibition by hypoxia can be mediated by multiple mechanisms and that both A2AR and key molecules in the A2AR-independent T-cell inhibition should be targeted to overcome the hypoxiarelated immunosuppression in infected tissues and tumors.
Introduction
The immune system has various mechanisms to discourage potentially tissue-damaging immune activation, e.g. antiinflammatory cells (regulatory T cells, myeloid-derived suppressor cells), anti-inflammatory cytokines (TGF-β, IL-10) and anti-inflammatory small molecules (adenosine, lipoxins, vasoactive intestinal peptide/pituitary adenylate cyclase-activating peptide) (1) (2) (3) . The counterbalance of these mechanisms can prevent overactivation of immune responses and consequent excessive tissue injury, but it can also diminish immune responses to fight infectious pathogens and cancer cells. These immunoregulatory mechanisms are crucial in controlling the pro-and anti-inflammatory balance.
Immune cells express different types of receptors for adenosine. T cells predominantly express the A2A subtype of adenosine receptor (A2AR), which strongly represses T-cell activation (3) (4) (5) . Studies using A2AR −/− mice demonstrated the pathophysiological importance of immunoregulation through adenosine-A2AR interaction. Induction of inflammation in A2AR −/− mice resulted in highly exaggerated inflammatory tissue damage (6, 7) . Therapeutically promising, blockade of the adenosine-A2AR interaction resulted in a significant improvement in tumor regression as observed in A2AR −/− mice and in wild-type (WT) mice treated with A2AR antagonist (8) . These studies established adenosine as an indispensable regulator of the immune system.
Generation of the immunoregulatory concentration of adenosine in the extracellular space is accomplished by the cell surface enzymes, CD39 and CD73, which catalyze degradation of ATP to AMP (CD39) and to adenosine (CD73). The expression of CD39 and CD73 is inducible by lowering oxygen tension (9, 10) . Hypoxia not only promotes degradation of ATP to adenosine but also inhibits conversion of adenosine to AMP by adenosine kinase (11, 12) . Therefore, tissue hypoxia is believed to be important in the local accumulation of extracellular adenosine. Indeed, whole body exposure to a hypoxic atmosphere increased adenosine concentration in vivo (7, 13) . Local hypoxia can result from inflammation due to the massive accumulation of inflammatory effector cells and inflammatory damage to blood vessels. Taken together, these findings imply the significance of the hypoxia-triggered negative feedback mechanism to prevent excessive inflammatory tissue damage.
Hypoxia induces cellular stress responses in order to adapt to energy deprivation and to diverse cell type-specific changes in cellular functions. Studies have shown that A2AR antagonists were capable of blocking many of these hypoxia-induced changes, suggesting the involvement of adenosine-A2AR signaling downstream from hypoxia. These instances include in vitro membrane depolarization, neurite outgrowth, up-regulation of glucose transporter-1, vascular endothelial growth factor (VEGF) and erythropoietin (14) (15) (16) (17) (18) . There are also in vivo studies suggesting A2AR dependence of hypoxia-induced cerebral vasodilation, bradycardia and hypertension (19, 20) . In immune cells, more severe inflammation in A2AR −/− mice breathing a hypoxic atmosphere suggested an involvement of adenosine-A2AR signaling in the anti-inflammatory effect of hypoxia (7, 13) . Although the adenosine-A2AR pathway plays a role downstream from hypoxia, cellular stress produced by hypoxia may also be able to suppress certain functions in an A2AR-independent mechanism. Indeed, hypoxia-induced erythropoietin in mice did not change in the absence of A2AR or by adenosine deprivation by the inhibition of CD73 (21) .
In this study, we focused on the immunosuppressive action of hypoxia in T cells and examined the A2AR dependence of the mechanism. As a result, we found that hypoxia can suppress T-cell activation independent of A2AR. Comparison of the A2AR-dependent and -independent pathways revealed important immunological differences between these two hypoxia-driven immunosuppressive mechanisms.
Methods

Mice
Female C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, MA, USA). RAG1 −/− mice and B6.PL-Thy1a/CyJ mice (Thy1.1 + C57BL/6 mice) were from Jackson Laboratory (Bar Harbor, ME, USA). A2AR −/− mice were backcrossed 12 times to C57BL/6 mice (22). Mice were used at 8-12 weeks of age. Experiments were approved by the Northeastern University Institutional Animal Care and Use Committee and were carried out in accordance with the institutional animal care guidelines.
Stimulation of T cells
Spleen cells (5 × 10 5 cells) were stimulated by adding anti-CD3 mAb (145-2C11; BD Biosciences, San Diego, CA, USA) at 0.1 μg ml −1 in RPMI1640 media supplemented with 10% FCS. The cells were cultured in a normoxic (21% oxygen) or hypoxic (1% oxygen) atmosphere supplemented with 5% carbon dioxide. A2AR agonist CGS21680 (CGS) was added at concentrations between 10 −9 and 10 −5 M. For adenosine receptor antagonists, DPCPX (A1 adenosine receptor antagonist) and KW6002 (A2AR-specific antagonist) were used at 0.1 μM; ZM241385 (A2A/A2B adenosine receptor antagonist), MRS1754 (A2B adenosine receptor antagonist) and MRS1191 (A3 adenosine receptor antagonist) were used at 1 μM. CD73 inhibitor α,β-methylene adenosine-5′-diphosphate (APCP) was added up to 100 μM. CGS, DPCPX and ZM241385 were from Tocris (Ellisville, MO, USA). MRS1754, MRS1191 and APCP were from Sigma (St Louis, MO, USA). KW6002 was synthesized by Dr G.J. (Department of Chemistry, Northeastern University). Culture supernatant was collected after 24 h for determination of IFN-γ levels by ELISA (R&D Systems, Minneapolis, MN, USA).
Cell proliferation assays
Proliferative activity of the cells at 24 h was examined by thymidine incorporation assay. The cells were incubated for 4 h with 1-μCi [ 3 H] thymidine (American Radiolabeled Chemicals, St Louis, MO, USA), and incorporated radioactivity was counted. To monitor total cell proliferation, spleen cells were prelabeled with CFSE (Molecular Probes, Eugene, OR, USA) as described previously (5) . Forty hours after the stimulation of the CFSE-labeled cells with anti-CD3 mAb, cell division was analyzed for CD4 + and CD8 + cells using a FACSCalibur flow cytometer (BD Biosciences).
Based on CFSE analysis, the proliferation index was calculated as follows:
Initial number of dividing cells N P 2 P 4 P 8 
where, n, times of cell division; P n , cell number in peak n, e.g. P 1 and P 2 are numbers of cells divided once and twice, respectively.
Proliferation index represents times of cell division per dividing cells (= D/N).
Quantification of adenosine
Culture supernatants were collected 48 h after culturing spleen cells with anti-CD3 mAb under a 21 or 1% oxygen atmosphere. To prevent degradation of adenosine, erythro-9-(2-hydroxy-3-nonyl)adenine (final concentration 10 μM) was immediately added to the collected samples. Then, perchloric acid was added at 5% (v/v), and precipitated materials were removed by centrifugation. Concentrations of adenosine were determined by high-performance liquid chromatography as described previously (13) . −/− mice were exposed to a hypoxic atmosphere containing 8% oxygen for 1 h, injected with anti-CD3 mAb (50 μg kg −1 ) and further exposed to 8% oxygen. Whole body exposure of mice to hypoxia was carried out using airtight modular incubation chambers (BillupsRothenberg, San Diego, CA, USA). Expression of activation markers on T cells was analyzed by flow cytometry 2 h after injection of anti-CD3 mAb.
For ), and spleen cells were analyzed by flow cytometry for the extent of proliferation after 40 h.
Mixed lymphocyte culture
To induce antigen-specific cytotoxic T cells, spleen cells from C57BL/6 mice (responder; H-2 b ) were co-cultured with BALB/c spleen cells (stimulator; H-2 d ) as described previously (23) . Spleen cells from BALB/c mice were pre-treated with mitomycin C (Sigma). Cells were incubated for 5 days under either 21 or 1% oxygen.
Cytotoxicity
After developing effector T cells by mixed lymphocyte culture, cytotoxicity of T cells was determined by a 51 Cr release assay. Effector cells were prepared 5 days after the initiation of mixed lymphocyte culture and incubated with the P815 mastocytoma cells (H-2 d ) for 4 h. The extent of target cell lysis was determined by the radioactivity of 51 Cr in the supernatant.
Re-stimulation of activated T cells
Two days after initial stimulation, the activated T cells were washed twice. To evaluate cytokine-producing activity, activated T cells (2 × 10 5 cells) were re-stimulated with immobilized anti-CD3 mAb in the absence of A2AR agonist. IFN-γ levels in the culture supernatant were analyzed after 24 h by ELISA.
Statistics
Data represent mean ± SD. Statistical calculations were performed using Student's t-test. Statistical significance was accepted for P values <0.05. Data obtained from the current experimental system confirm and extend previous studies showing hypoxia-induced impairment of T-cell activation (24) (25) (26) (27) (28) .
Results
Hypoxia can inhibit T-cell activation independent of adenosine-A2AR signaling
Previous studies have shown that the adenosine-A2AR pathway mediates many of the hypoxia-induced changes in cellular functions in vivo and in vitro (7, (13) (14) (15) (16) (17) (18) (19) (20) . We evaluated whether the adenosine-A2AR pathway is the only mechanism involved in the suppression of T-cell activation under hypoxia. To this end, T cells from A2AR −/− mice were stimulated under hypoxia, and their responses were compared with WT T cells. Interestingly, cell proliferation and IFN-γ-producing activity in A2AR −/− T cells were also sensitive to hypoxia, and the extent of inhibition in A2AR −/− T cells was quite similar to that in WT T cells (Fig. 1) . The CFSE assay showed major peak shifts under hypoxia, confirming strong inhibition of both WT and A2AR −/− T-cell proliferation (Fig. 2) . Since there was no difference in the inhibitory effects on WT and A2AR −/− T cells, hypoxia in this in vitro culture system seemed to regulate T-cell activation by a mechanism independent of the adenosine-A2AR pathway.
Next, we considered a possibility that, although A2AR was not essential to T-cell suppression under hypoxia, other types of adenosine receptors, i.e. A1, A2B and A3, could be involved in immunosuppression by extracellular adenosine that might be produced in the hypoxic cell culture. To examine the possible contribution of other adenosine receptors, ] thymidine uptake after 24 h (A). IFN-γ levels in the supernatant were also determined after 24 h (B). Hypoxia significantly inhibited cell proliferation and IFN-γ production in both WT and A2AR −/− T cells. Inhibition by CGS was observed only in WT cells. Data represent average ± SD of triplicate samples. a, P < 0.05; b, P < 0.01; c, P < 0.001 versus no CGS. d, P < 0.05; e, P < 0.01; f, P < 0.001; 21 versus 1% oxygen (no CGS).
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we tested the effects of various adenosine receptor antagonists: DPCPX (A1 receptor), ZM241385 (A2A/A2B receptor), KW6002 (A2AR), MRS1754 (A2B receptor) and MRS1191 (A3 receptor) (29) . A2AR antagonists, ZM241385 and KW6002, did not reverse hypoxic suppression of IFN-γ production and T-cell proliferation (Supplementary Figure 2 , available at International Immunology Online), and that finding is consistent with the observation in A2AR −/− mice. Moreover, none of these adenosine receptor antagonists could block the inhibitory effect of hypoxia. The inhibition of extracellular adenosine production by a CD73 inhibitor, APCP, also had no effect (Supplementary Figure 2 , available at International Immunology Online). These results suggest hypoxic T-cell inhibition in this culture system does not require extracellular adenosine in the mechanism. Indeed, extracellular adenosine levels in T-cell culture supernatant showed no significant increase under hypoxia (Supplementary Figure 2 , available at International Immunology Online).
A2AR-independent T-cell suppression in vivo when exposed to hypoxia
To study hypoxic T-cell suppression in vivo, the extent of T-cell activation was compared in mice exposed to normoxic versus hypoxic atmosphere. After injection of anti-CD3 mAb, T cells rapidly up-regulated surface expression of activation markers, CD69 and CD25 (Fig. 3) . Hypoxia significantly reduced the proportion of activated T cells in both WT and A2AR −/− mice. The effect of hypoxia in A2AR −/− mice indicated that hypoxia could inhibit T-cell activation in vivo independent of A2AR. Although hypoxic T-cell inhibition was significant in both WT and A2AR −/− mice, the inhibitory effect of hypoxia was relatively weaker in A2AR −/− mice, especially for CD25 expression. Indeed, hypoxia treatment reduced CD25 + cells by 19% (CD4) and 31% (CD8) in WT mice, but it was 7% (CD4) and 14% (CD8) in A2AR −/− mice (Fig. 3B) . This difference may imply that both A2AR-dependent and -independent mechanisms contributed to T-cell inhibition under hypoxia in vivo.
A2AR-independent repression of T-cell function in mice under hypoxic conditions was examined by monitoring cell proliferation in vivo. A mixture of T cells from WT and A2AR −/− mice was labeled with CFSE, injected into RAG1 −/− mice and stimulated by i.v. injection of anti-CD3 mAb. Aggressive T-cell proliferation, which was observed in normoxic mice, was strongly diminished when mice were exposed to a hypoxic atmosphere (Fig. 4) . Hypoxia inhibited proliferation of WT and A2AR −/− T cells to the same extent, demonstrating that the A2AR-independent mechanism of hypoxic T-cell inhibition is biologically relevant in vivo.
Differential effects of the A2AR-dependent and -independent mechanisms on T-cell functions
This A2AR-independent T-cell suppression by hypoxia was compared with A2AR-mediated immunosuppression. The addition of CGS, an A2AR agonist, suppressed cell proliferation and IFN-γ production in a concentration-dependent manner (Fig. 1) . CGS did not affect the function of A2AR −/− T cells, thereby confirming the A2AR dependence of the inhibition. Although both CGS and hypoxia inhibited thymidine uptake to a similar extent, analysis of total cell proliferation by the CFSE assay showed a clear difference in the inhibitory effects of these two mechanisms. CGS caused only minor changes in peak heights in the CFSE assay, e.g. augmentation of peak 1 of CD4 + and peak 3 of CD8 + cells (Fig. 2A) . In contrast to the marginal decrease in cell proliferation by A2AR stimulation, hypoxia caused a remarkable reduction in cell proliferation. Under normoxic conditions, the majority of T cells showed extensive proliferation as represented by peak 3 of CD4 + and peak 4 of CD8 + cells ( Fig. 2A) . However, hypoxia strongly diminished these major peaks. The majority belonged to peak 2 of CD4 + and peak 3 of CD8 + cells ( Fig. 2A) , indicating much stronger inhibition of T-cell proliferation than A2AR-dependent immunosuppression (Fig. 2C) . This decrease in cell proliferation was reflected in a 45% reduction in cell number in the hypoxic culture (data not shown).
In contrast to the stronger antiproliferative effect of hypoxia as compared with CGS, IFN-γ production was rather more sensitive to CGS than to hypoxia. CGS decreased IFN-γ levels to 25% of control, while 55% of IFN-γ remained after hypoxia in the same experiment (Fig. 1B) . Different effects on each T-cell function show that the profile of T-cell inhibition by the A2AR-independent pathway is distinct from the A2AR-dependent immunosuppression. Importantly, adding CGS to the hypoxic culture further enhanced T-cell inhibition by hypoxia. This indicates that A2AR-mediated T-cell inhibition is additive to the A2AR-independent mechanism triggered by hypoxia (Figs 1 and 2) .
Experiments of CTL development under hypoxic conditions also supported involvement of the A2AR-independent Adenosine-independent immunosuppression by hypoxia 87 mechanism of immunosuppression. CTL were induced by mixed lymphocyte culture at a normoxic or hypoxic atmosphere. CTL development in the presence of either CGS or hypoxia significantly reduced cytotoxicity against allogenic target cells (Fig. 5A) . While CGS treatment reduced cytotoxic activity by approximately half, T cells cultured under hypoxia were four times less effective than control. Hypoxia impaired A2AR −/− CTL development to the same extent as WT CTL and again produced four times less cytotoxic effectors (Fig. 5B) . This result suggests that hypoxia also inhibited CTL development by the A2AR-independent mechanism.
Hypoxic T-cell inhibition by the A2AR-independent mechanism is a transient change
A2AR stimulation at the time of T-cell activation is known to induce prolonged impairment of effector functions in these T cells (4, 5) . Our previous study showed that T cells activated in the presence of CGS could produce only a limited amount of IFN-γ even after the removal of CGS (5). In the current study, T-cell activation was induced in either a normoxic or hypoxic environment. The activated T cells were washed and re-stimulated for the evaluation of IFN-γ-producing activity. When the same number of cells was re-stimulated at the same normoxic condition, T cells pre-activated under hypoxia were able to produce as large an amount of IFN-γ as normoxic T cells (Fig. 6) . In sharp contrast, T-cell activation in the presence of CGS impaired the IFN-γ-producing activity of the resultant T cells (Fig. 6 ). This result suggests that the A2AR-dependent mechanism of immunosuppression persistently inhibits T-cell activity; however, the A2AR-independent T-cell inhibition by hypoxia may be transient, and T cells can regain their normal function after the resolution of hypoxia.
Discussion
Studies of tissue oxygen tension in vivo revealed low oxygen levels in lymphoid organs (26, 28, 30) . While most in vitro cell culture studies have been conducted in well-oxygenated conditions, physiological T-cell activation takes place in a less oxygenated environment (<4.5% oxygen). Pathological conditions such as tissue inflammation and tumors induce an even more hypoxic environment within the tissue (31, 32) . T-cell culture in a hypoxic atmosphere is expected to provide an important insight for T-cell biology in vivo especially in pathophysiological conditions.
To mimic more physiological conditions, some studies introduced lower oxygen tension in the T-cell culture. The majority of these studies has demonstrated hypoxia-related downregulation of T-cell activities including proliferation, cytokine production and cytotoxicity (24) (25) (26) (27) (28) , although a smaller number of papers sporadically provided opposite results (33) (34) (35) . In this study, we decided to reconcile these outcomes and we standardized the assays by stimulating resting T cells with anti-CD3 mAb. The experiments confirmed the suppressive effects of hypoxia on T-cell proliferation and effector functions when cultured at 1% oxygen (Figs 1, 2 and 5) . Inhibition of T-cell activation in mice exposed to a hypoxic atmosphere further supported the T-cell inhibitory effect of hypoxia ( Figs  3 and 4) .
Hypoxia provokes accumulation of extracellular adenosine, and its binding to A2AR has been shown to mediate various effects of hypoxia both in vivo and in vitro (7, (13) (14) (15) (16) (17) (18) (19) (20) . Since T-cell activation is quite sensitive to A2AR stimulation (4, 5), this scenario was likely a mechanism of T-cell inhibition by hypoxia. However, our experiments showed that hypoxia inhibited T-cell activation regardless of A2AR expression. The presence of the A2AR-independent pathway is evident from not only in vitro experiments (Figs 1, 2 and 6) but also T-cell stimulation in vivo (Figs 3 and 4) . These results strongly suggest the significance of the A2AR-independent mechanism in the inhibition of T-cell activation by hypoxia.
Although whole body exposure of mice to hypoxia increases blood adenosine levels (7, 13) , ex vivo hypoxic cell culture in this study did not significantly increase adenosine levels in the culture supernatant. Taking account of the increased rate of cellular adenosine release under hypoxia (11, 12) , this result may implicate immediate degradation of adenosine by adenosine deaminase activity in FCS (36) . Even though adenosine levels did not increase in the hypoxic cell culture, effects of local and transient increase of adenosine might not be excluded. To test this possibility, we used various antagonists of adenosine receptors and an inhibitor of adenosine formation, but none of them could reverse T-cell inhibition under hypoxia (Supplementary Figure 2 , available at International Immunology Online). Nonetheless, equal susceptibility of WT and A2AR −/− T cells to hypoxia strongly suggested the presence of an adenosine-independent mechanism of T-cell suppression. Corresponding to the increase of extracellular adenosine levels in mice exposed to hypoxia (7, 13) , the inhibition of CD25 induction under hypoxia was relatively weaker in A2AR −/− mice (Fig. 3) , suggesting partial contribution of A2AR-dependent T-cell inhibition in vivo.
Both the A2AR-dependent inhibition mechanism and the A2AR-independent mechanism under hypoxia involve distinct profiles of T-cell inhibition. Consistent with our previous paper (5), A2AR stimulation caused only a minor decrease in T-cell proliferation. This A2AR-dependent change is not enough to explain the much stronger antiproliferative effect of hypoxia (Fig. 2) . In contrast, the inhibitory effect of A2AR stimulation on IFN-γ production was very strong and it usually exceeded that of hypoxia (Fig. 1) . Furthermore, there was also a difference in the persistence of the immunosuppressive effect. When T-cell activation was induced in the presence of an A2AR agonist, the resultant T cells 'memorized' the immunosuppressive effect of A2AR stimulation and were functionally impaired even after the removal of the A2AR agonist (Fig. 6) (4, 5) . The persistence of A2AR-dependent T-cell inhibition is consistent with the previously published concept of A2AR-mediated memory of cells' exposure to extracellular adenosine (37) . However, T cells did not remember the immunosuppression by hypoxia and recovered normal IFN-γ-producing activity as they returned to a normoxic environment. Thus, T-cell activation under hypoxia did not impair the IFN-γ-producing activity of activated cells but significantly delayed their proliferation. The temporary inhibition only during hypoxic exposure may represent a control of energy-consuming cellular events, e.g. cell proliferation. In contrast, a high concentration of extracellular adenosine may provoke active immunosuppression targeting T-cell effector functions and producing activated T cells with functional impairment.
Tumors establish immunosuppressive environments and evade anti-tumor immune responses (2, 38, 39) . A countermeasure to intratumoral immunosuppression is prerequisite for successful tumor immunotherapy. A hypoxic environment, which is frequently observed in tumors, may be fundamental to a tumor's self-protection in vivo (40, 41) . Consistent with severe hypoxia within the tumor, tumors also contain high levels of extracellular adenosine (8, 42) . Previously, we found that inactivation of A2AR improved T-cell-mediated tumor eradication, suggesting the significance of the adenosine-A2AR pathway in the immunosuppressive tumor microenvironment (8) . However, the current study suggests the existence of the alternative immunosuppressive mechanism downstream from hypoxia. Thus, hypoxia is likely to evoke immunosuppression by multiple mechanisms, A2AR-dependent and -independent pathways. Interruption of intratumoral adenosine-A2AR interaction by A2AR antagonists could significantly, but partially, relieve T cells from hostility in tumors (8) ; however, the second mechanism of hypoxic immunosuppression may still negatively affect anti-tumor responses. Identification of key molecule(s) in the A2AR-independent pathway may further improve the efficacy of immunotherapy.
Consideration of the mechanism of A2AR-independent hypoxic T-cell suppression should include the possible effects of oxygen deprivation that severely limit cellular oxidative energy production. To focus on survival of this critically stressful condition, cells may shut down various functions that are less important for survival and facilitate adaptation to the new environment until sufficient oxygenation is reinstated (43, 44) . Naive T cells are known to contain a large number of mitochondria and rely on oxidative metabolism for energy production (45) . Therefore, when exposed to hypoxia, T cells may suspend activation and retard cell proliferation in order to save ATP. Indeed, hypoxia induces a switch of the main ATP production pathway from oxidative phosphorylation to glycolysis. In parallel, cells produce factors inducing angiogenesis and erythropoiesis to facilitate reoxygenation. Molecules such as glycolytic enzymes, VEGF and erythropoietin are regulated by hypoxia-inducible factor-1α (HIF-1α) (43, 44) . Immediately after sensing hypoxia, stabilized HIF-1α activates transcription of various genes to promote adaptation to hypoxia. This increase of HIF-1α, however, may be inhibitory to T-cell activation as suggested by previous reports showing higher IFN-γ production and stronger cytotoxicity in T cells lacking HIF-1α (46, 47) . Stabilization of HIF-1α was also reported to diminish signals from T-cell receptors (48) . Both ATP shortage and the metabolic switch under hypoxia could Adenosine-independent immunosuppression by hypoxia 89 render T-cell inhibition without an adenosine-A2AR interaction. Changes in ATP supply and cellular metabolism would be a temporary reaction to the stress and become normal upon resolution of hypoxia. This is also consistent with the reversible T-cell inhibition observed in the A2AR-independent mechanism (Fig. 6) .
When cells are damaged under stressful conditions, they may release their contents to the extracellular space. These components include adenine nucleotides and NAD + (45, 49, 50) . Not only do these molecules serve as a source of extracellular adenosine, NAD + is also known to suppress T-cell proliferation, cytotoxicity and cytokine production (51, 52) . NAD + can inhibit T-cell activities through ADP ribosylation of P2X7 receptor (53, 54) , in an A2AR-independent manner. This pathway may require attention as a possible scenario of T-cell inhibition under hypoxia.
Another possible cause of T-cell inhibition is oxidative stress. Hypoxia was shown to promote reactive oxygen species formation from mitochondria (55, 56) and to decrease levels of reduced glutathione (57, 58) . Induction of oxidative stress leads to impairment of T-cell activation (59, 60) . A recent paper showed augmentation of oxidative stress in T cells under hypoxia concomitant with a decrease in T-cell proliferation and an increase in T-cell apoptosis (61) .
In conclusion, while tissue hypoxia-driven accumulation of extracellular adenosine and signaling through A2AR are known to be strongly immunosuppressive, hypoxia could suppress T-cell function even in the absence of A2AR. T-cell inhibition provided by the A2AR-independent mechanism is different from A2AR stimulation, most notably in its reversible and transient nature as compared with long-lasting T-cell impairment after A2AR stimulation. The current study implicates different immunoregulatory roles of hypoxia depending on whether hypoxia accompanies an extensive increase of extracellular adenosine or not. Analysis of the molecular mechanism of the A2AR-independent pathway may enable intervention to hypoxic immunosuppression. When T cells are liberated from both A2AR-dependent and -independent mechanisms, there will be further enhancement of T-cell activities, which is desirable for improving the immunotherapy of cancer and infectious diseases.
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